The resource space model (RSM) is a semantic data model based on orthogonal classification semantics for efficiently managing various resources in the future interconnection environment. This paper extends the RSM in theory by formalizing the resource space, investigating its characteristics from the perspective of set theory, defining the resource space schema and developing its normal forms. The topological space properties of the resource space are presented based on the definition of a distance in the space and the construction of a quotient space structure. The proposed theory ensures the RSM to correctly and efficiently specify and manage resources.
Introduction
Database theories, especially the relational data model and theory have gained a great success in the past 40 years [2] [3] [4] [11] [12] [13] . But, these data models are incapable of effectively managing heterogeneous, distributed and ocean resources in an open and dynamic interconnection environment [14] .
The World Wide Web creates a convenient humanoriented information service mode based on the client/server architecture, HTML-based Web page setting, and hyperlink-based information navigation and search. But, hyperlinks and Web pages do not reflect enough semantics to support complex and intelligent applications. The Semantic Web is proposed to create rich and machine-understandable semantics by using markup languages and ontology-relevant mechanisms [1, 5, 9] . However, the Semantic Web focuses on the semantic representation issue. To achieve the efficiency and effectiveness of resource management, the future interconnection environment still requires semantic rich data models.
The efforts towards the future interconnection environment include Grid (http://www.gridforum.org) [6] and Peer-to-Peer computing [10] , which focus on resource sharing in a tightly coupled environment and a loosely coupled network environment, respectively. Initially, Grid computing does not solve semantic issues. With the emerging of OGSA (Open Grid Service Architecture) [7] , the semantic issue becomes one of the kernel issues of Grid services. Currently, researchers have paid attention to the effect of introducing semantics into Peer-to-Peer computing to support high-level intelligent applications and have made attempt to incorporate Grid and Peer-to-Peer to obtain more powerful computing models.
The resource space model (RSM) is a semantic data model for uniformly, normally and effectively specifying and managing resources. Its theory basis is three normal forms based on orthogonal classification semantics and relevant operations [14] . The RSM is based on the following methods and viewpoints:
(1) Uniform resource abstraction; (2) Orthogonal semantic partition of resources; (3) Uniform resource operations; and (4) Universal resource view. This paper first formally defines the resource space from the perspective of set theory, and then proposes the resource space schema, which represents the inherent characteristics of the resource space and reflects its static and stable properties. The schema helps us on the logic design of the resource space. We extend the normal forms to specify a good design of the resource space schema and guide the logical design of resource spaces. By defining a distance and constructing a quotient space structure on the resource space, we obtain some topological space properties of the RSM.
Formalization of resource space
A Resource Space is an n-dimensional space where every point uniquely determines one resource or a set of related resources. A resource space can be represented as RS(X 1 , X 2 , . . ., X n ) or RS in simple, where RS is the name of the resource space and X i is the name of an axis. We use |RS| to denote the number of dimensions of the RS, i.e., |RS| = n. X i = {C i1 , C i2 , . . ., C ip } represents an axis with its coordinates. C denotes the coordinate name in form of a noun or a noun phrase. Any name corresponds to a formal or an informal semantic definition in its domain ontology [15] .
Suppose O is a domain terminology set like the data dictionary, and there exists a mapping from O onto domain ontology that explains the semantics. The formal definition of RS is given as follows. Definition 1. Let S = 2 O be the power set of O. The resource space defined on O can be represented as RS(X 1 , X 2 , . . ., X n ), where RS is the name of the resource space and X i = {C i1 , C i2 , . . ., C ip } is an axis, 1 ≤ i ≤ n, C ij is the root of the hierarchical structure of coordinates on
where R(v) denotes a class of resources represented by v. Every point in RS is an element of the Cartesian product
Tuples in the relational data model reflect the attributes of relevant entity, not the semantics [8] . In the RSM, x i in a point p(x 1 , x 2 , . . ., x n ) reflects the partition semantics. Resources represented by a point (x 1 , x 2 , . . .,
Resource space schema and normal forms
The resource space schema is the formal description of the resource space. The logic design of a resource space is to specify the resource space schema including the definition of axes and coordinates.
Definition of the resource space schema
Domain applications determine that resources in a resource space schema must satisfy some given integrity constraints. The resource space schema should describe all these integrity constraints, so the resource space schema is defined as follows. (1) RS is the resource space name, the symbolized semantics of the resource space; (2) A = {X i |1 ≤ i ≤ n} is the set of axes; (3) C = {C ij |C ij ∈ X i , 1 ≤ i ≤ n} is the set of coordinates; (4) S is the power set of the domain ontology O; (5) dom is the mapping from the axes A and coordinates C to S, dom: A × C → S, for any axis
In applications, (4) and (5) should be known before the design of the resource space schema, so the resource space schema can be simplified as a 3-tuple: RS A, C .
The resource space schema is static and stable, but the resource space can be dynamic due to the resource operations on the resource space. The design of a resource space refers to the design of its schema.
In the following we study the normal forms to guarantee a good schema.
Normal forms of the resource space schema
An axis with hierarchical coordinates can be transformed into an axis with flat coordinates if only the leaf nodes of each hierarchy are considered. So we focus on the flat cases in this section.
Definition 3.
The first-normal-form of a resource space is a resource space, and there does not exist name duplication between coordinates at any axis.
Definition 4.
The second-normal-form of a resource space is a first-normal-form, and for any axis, any two coordinates are independent from each other.
The definition of the third-normal-form is based on the definition of two relations between the axes, i.e., 'fine classification' and 'orthogonal' [15] .
. ., C n } be an axis and C i be an coordinate at another axis X , we say X fine classifies C i (denoted as C i /X) if and only if:
As the result of fine classification, R(C i ) is classified into n categories:
Definition 6. For two axes
. . , C m }, we say X fine classifies X (denoted as X /X) if and only if X fine classifies C 1 , C 2 , . . ., C m .
Definition 7.
Two axes X and X are called orthogonal with each other (denoted as X ⊥ X ) if X fine classifies X and vice versa, i.e., both X/X and X /X hold.
Based on the above definitions, we can give the definition of third-normal-form as follows:
Definition 8. The third-normal-form of a resource space is a second-normal-form, and any two axes of it are orthogonal with each other.
In the following, we give the equivalent definitions from the perspective of set theory.
Equivalent definitions and corresponding lemmas
For the resource space RS(X 1 , X 2 , . . ., X n ), we use R(X i ) to denote resources represented by axis X i , where
In the following discussion, we assume that RS is second-normal-form.
First we give the equivalent definition of 'fine classification'.
Lemma 1. For two axes
Proof. The proof includes the following two steps:
(1) If X j /X i holds, then according to our definition of 'fine classification', we have:
According to (1) and (2), we reach
Lemma 1 can be an equivalent definition of the 'fine classification'.
Definition 9. For two axes
According to Definition 9, we can get the equivalent definition of the orthogonality.
Lemma 2. For two axes
X i = {C i1 , C i2 , . . ., C ip } and X j = {C j1 , C j2 , . . ., C jq } in the resource space RS, X j ⊥ X i ⇔ R(X j ) = R(X i ) holds.
Proof.
(1) If X j ⊥ X i holds, then we have X j /X i and X i /X j according to the definition of orthogonality. According to Lemma 1 we have
According to (1) and (2), we have
Lemma 2 can be an equivalent definition of orthogonality.
Definition 10. For two axes
It is clear that X i ⊥ X j ⇔ X j ⊥ X i , which means the symmetry of the orthogonal relation '⊥' holds.
According to the above theory, we can give a new proof of the transitivity of 'fine classification' and 'orthogonal' relations.
Theorem 1. 'Fine classification' and 'orthogonal' relations are transitive.
Proof. According to Lemmas 1 and 2, we can get
Then according to the transitivity of the set relations '⊆' and '=', the transitivity of 'fine classification' and 'orthogonal' relations is clear. Now we can give the equivalent definition of 'thirdnormal-form'.
Theorem 2. For resource space
RS(X 1 , X 2 , . . ., X n ), RS is a third-normal-form ⇔ R(X 1 ) = R(X 2 ) = · · · = R(X n ), i.e.,
every axis X i can represent all the resources in RS.
Proof. (1) If RS is a third-normal-form, then
Lemma 2, then, according to the transitivity and symmetry of '⊥', we have: for any two axes X i and X j in RS, X i ⊥ X j holds. That means RS is third-normal-form. According to (1) and (2), we have: RS is third-normal-
Theorem 2 can be rewritten as an equivalent definition of the third-normal-form.
Definition 11.
For the resource space RS(X 1 , X 2 , . . ., X n ), we call RS is a third-normal-form if R(X 1 ) = R(X 2 ) = · · · = R(X n ) holds, i.e., every axis X i can represent all the resources in RS.
Besides the three normal forms, we can still define other normal forms of the resource space schema for the convenience of resource partition and operations.
Extension of normal forms-2 + -normal-form and fourth-normal-form
Definition 12. (2 + NF). A resource space RS(X 1 , X 2 , . . ., X n ) is a 2 + -normal-form (2 + NF), if it is a secondnormal-form and satisfies: X 2 /X 1 , X 3 /X 2 , . . ., X n /X n−1 .
Definition 12 means
If RS is a 2 + -normal-form, then according to the transitivity of fine classification '/', we have: for every two axes X i and X j , 1 ≤ i = j ≤ n, either X i /X j or X j /X i holds. So '/' is a full order on the set {X 1 , X 2 , . . ., X n }. On the other hand, it is obvious that if '/' constitutes a full order on the axes of RS, then RS is a 2 + -normalform.
In the following, we discuss the properties of the 2 + -normal-form under the operations of resource space as presented in [14, 15] . According to (1) and (2), we have RS is either a 2 + -normal-form or not.
Corollary 1 (Join
Corollary 1 tells us that 2 + -normal-form does not keep under the join operation. But if we add some conditions, 2 + -normal-form keeps under the join operation. Proof. Suppose RS = {X 1 , X 2 , X 3 }, X 3 /X 2 /X 1 and
Corollary 2 (Join
. According to Definition 12, we have RS 1 is a 2 + -normal-form. (2) Else if both R(X 3 ) ⊆ R(X 2 ) and R(X 2 ) ⊆ R(X 3 ) do not hold, then both X 2 /X 3 and X 3 /X 2 do not hold. Since '/' is a full order on the axes of RS 1 if RS 1 is a 2 + -normal-form, so RS 1 is not a 2 + -normal-form.
According to (1) and (2), RS 1 is a 2 + -normal-form or not. For the same reason, RS 2 is a 2 + -normal-form or not.
Corollary 7 tells us that the 2 + -normal-form does not keep under the Split operation. According to Corollary 7 we have the following corollary:
According to the above three corollaries, we have the following corollary: Corollary 9 (Merge). For two resource spaces RS 1 and RS 2 , let RS 1 ∪ RS 2 ⇒ RS, if RS 1 or RS 2 is not 2 + -normal-form, then RS is a 2 + -normal-form or not.
Corollary 10 (Split). Let RS ⇒ RS 1 ∪ RS 2 , if RS is not a 2 + -normal-form, then RS 1 is a 2 + -normal-form or not, and RS 2 is a 2 + -normal-form or not.
The 2 + -normal-form is the weakened form of the third-normal-form, we can also get the strengthened form of the third-normal-form as follows:
Definition 13 (4NF).
A resource space RS(X 1 , X 2 , . . ., X n ) is a fourth-normal-form (4NF) if it is a third-normal-form, and for any point p(
Because a fourth-normal-form is also a thirdnormal-form, it has the same properties as the thirdnormal-form under the resource space operations introduced in [15] .
Resource space's topological properties
If we define a distance in n-dimensional resource space RS(X 1 , X 2 , . . ., X n ), then the distance can induce a topological space. We focus on the second-normalform resource space, and first define a distance d on axis X i , 1 ≤ i ≤ n, then construct a distance D on the whole resource space RS according to d.
Distance on an axis
For a given set G, if there exists a function d: G × G → + , where + represents the set of the nonnegative real number, then d is called a distance on G, if it satisfies the following three axioms:
For an axis X = {C 1 , C 2 , . . ., C n }, where C i = V i , E i is a coordinate. Then, we define the function d on X as follows: Definition 14. For two given points x 1 and x 2 on axis X,
where
where length (Γ ) represents the length of the path Γ with weight on each edge. And we make a reasonable assumption: in case of x 1 and x 2 ∈ V i and x 1 = x 2 , there always exists a path Γ = (
Theorem 3. d is a distance on axis X.
Proof. Axioms (A1) and (A2) are obvious, the following proof will focus on axiom (A3). The proof considers the following two cases, for any x 1 , x 2 and x 3 on axis X:
2 ) < ∞, then there exists V i , such that x 1 ∈ V i and x 2 ∈ V i . In this case we have:
Since the set of all the paths that satisfy conditions (between x 1 and x 3 or between x 2 and x 3 ) is finite, we can find paths Γ 1 and Γ 2 , such that d(x 1 , x 3 ) = length(Γ 1 ) and d(x 3 , x 2 ) = length(Γ 2 ), where
According to (1) and (2), d constitutes a distance on axis X.
Distance in resource space
We first give the definition of function D on RS, and then prove that it is a distance on RS. p 1 (x 1 , x 2 , . . ., x n ) and p 2 (y 1 , y 2 , . . ., y n ) in the resource space RS(X 1 , X 2 ,
Definition 15. For any two points
where d is the distance on axis X i , 1 ≤ i ≤ n.
Theorem 4. D is a distance in RS.
Proof. According to the proof that d satisfies all the axioms of distance, we can prove that D(p 1 , p 2 ) satisfies axioms (A1) and (A2). So we focus on the proof that D satisfies axiom (A3):
, for any p 1 , p 2 and p 3 ∈ RS.
(1) Just as in Theorem 3, in the cases that D(p 1 , 
According to the Cauchy inequality
We get 2
Corollary 11 tells us that if two points in the resource space are connective to each other, then their corresponding coordinates belong to the same coordinate hierarchy.
It is clear that the connective relation (denoted as ∼) constitutes an equivalent relation on the topological space RS. So RS/∼ constitutes a quotient space of the space RS. The following corollary describes the structure of the quotient space RS/∼.
Corollary 12.
The quotient space
. . ., X n ), according to Corollary 11, we get that there exists a root coordinate C 1 i1 on axis X 1 , . . ., and C n in on axis X n , such that
According to (1) and (2), RS/∼ = {p (C 1 i1 , C 2 i2 , . . . , C n in )|C k ik is a root coordinate on axis X k in RS(X 1 , X 2 , . . ., X n ), 1 ≤ k ≤ n} holds.
In the quotient space RS/∼, we can define a distance D ∼ on RS/∼ as the induced distance of the distance D on RS. D ∼ (p 1 , p 2 ) = min{D(p 1 , p 2 )|p 1 ∈ p 1 and p 2 ∈ p 2 }, where p 1 and p 2 represent the connective branch including p 1 and p 2 , respectively. Then for any p 1 , p 2 ∈ RS/∼, p 1 = p 2 , D ∼ (p 1 , p 2 ) = ∞, D ∼ (p 1 , p 2 ) = 0, which means that RS/∼ constitutes a discrete topological space with the distance D ∼ on it.
The Resource Space RS enables us to locate resources by coordinates. The quotient space RS/∼ enables us to search in a more abstract space.
Theorem 5. A point exists in RS if and only if it belongs to a point of RS/∼.

Proof.
(1) If a p(x 1 , x 2 a p (x 1 , x 2 , . . . , x n ) exists in RS/∼, then according to Corollary 12, all the points in the connective branch p (x 1 , x 2 , . . . , x n ) are in RS, so it also belongs to RS.
According to (1) and (2), we can reach that a point exists in RS if and only if it also belongs to a point in RS/∼.
The above theorem provides with a top-down refinement search strategy in a large-scale resource space: from the quotient space down to the resource space, and it also guarantees that all the resources in resource space RS can be found through RS/∼.
Conclusions and future work
This paper extends the theory of the Resource Space Model in the following aspects: (1) formally define the resource space from the perspective of set theory; (2) propose the concept of the resource space schema; (3) propose the 2 + NF and the 4NF of the resource space schema and relevant theory; and (4) unveil the topological properties of the resource space.
Future work includes: defining a sufficient and selfcontained operation sets for the RSM, studying the properties of the normal forms under more operations of the RSM, developing new mathematical properties of the RSM, and investigating the integrity constraints of the resource space.
